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Abstract 

Mangrove forests are extremely productive, with rates of growth rivalling some terrestrial tropical 

rainforests. However, our understanding of the full suite of processes underpinning carbon exchange 

with the atmosphere and near shore-waters, the allocation of carbon in mangroves, and fluxes of non-

CO2 greenhouse gases (GHGs) is limited to a handful of studies. This constrains the scientific basis 

from which to advocate for greater support for and investment in mangrove restoration and 

conservation. Improving understanding is urgently needed given the on-going landuse pressures 

mangrove forests face, particularly throughout much of Southeast Asia. The current study reduces 

uncertainties by providing a holistic synthesis of the net potential GHG mitigation benefits resulting 

from rehabilitating mangroves and established forests. Rehabilitating sites from two contrasting 

locations representative of high (Tiwoho) and low (Tanakeke) productivity systems on the island of 

Sulawesi (Indonesia) were used as case studies to compare against established mangroves. A 

carbon budget, allocation and pathways model was developed to account for inputs (carbon 

sequestration) and outputs (GHG emissions of CO2, N2O and CH4) to estimate Net Ecosystem 

Production (NEP) and Net Ecosystem Carbon Balance (NECB). Our results indicate that while 

Tiwoho’s rehabilitating sites and established mangroves represent a significant carbon sink (-10.6 ± 

0.9 Mg CO2e ha
-1

 y
-1

 and 16.1 Mg CO2e ha
-1

 y
-1

 respectively), the low productivity of Tanakeke has 

resulted in minimal reductions to date (0.7 ± 0.3 Mg CO2e ha
-1

 y
-1

). Including NEP from mangrove-

allied primary producer communities (e.g. benthic algae) and the portion of dissolved inorganic carbon 
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exported from mangroves (EXDIC) that remains within the water column may drive overall removals 

considerably upwards in established forests to -37.2 Mg CO2e ha
-1

 y
-1

. These values are higher than 

terrestrial forests and strengthen the evidence base needed to underpin the use of forest carbon 

financing mechanisms for mangrove restoration. 

 

Key words 

CO2, N2O and CH4 emissions; Restored and mature mangroves; Net ecosystem carbon balance 

(NECB); Net ecosystem production; Carbon allocation and pathways. 

 

Highlights 

 We assessed the GHG profiles of rehabilitating and established mangroves. 

 Rehabilitation sites representative of both high and low productivity were assessed. 

 High productivity sites and established mangroves formed a significant carbon sink. 

 Including algae NEP and ExDIC significantly increases overall mangrove GHG removals.  

 

(insert Graphical Abstract)  
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1. Introduction  

Mangrove forests are extremely productive and, per unit area, not only store carbon in above and 

below ground biomass at quantities rivaling some terrestrial forests, they also store far more carbon 

per hectare in their soils than almost any other ecosystem (Donato et al. 2011; Nellemann et al. 

2009)(Figure 1). High productivity in mangroves is positively correlated with high carbon sequestration 

in both biomass and soils, and long-term soil carbon accumulation means that mangroves can store 

3-5 times as much carbon per hectare as other terrestrial forest types (Donato et al. 2011). The 

anoxic characteristics of sedimentary deposits within undisturbed mangrove habitats means that 

carbon is also locked away at timescales that can be orders of magnitude greater than terrestrial 

ecosystems (Nellemann et al. 2009) at depths beyond the reach of bioturbating organisms such as 

crabs (Maher et al. 2018). The saline conditions of healthy mangroves also have the advantage of 

potentially emitting negligible amounts of other greenhouse gases (GHGs) such as methane (CH4) 

and dinitrogen oxide (N2O) (Crooks et al. 2011) which are substantially more potent GHGs than CO₂.  

 

The high carbon density of many mangrove systems provides multiple incentives for their 

conservation due to the ecosystem services they provide, including their potential role in climate 

change mitigation. Mangroves continue to be threatened across much of their range (Hamilton & 

Casey 2016), particularly in Southeast Asia, through changes in landuse such as conversion to 

aquaculture ponds and oil palm plantations. Aquaculture ponds in particular, the main proximate 

driver of mangrove deforestation through the ~1980’s and early 2000’s (Richards & Friess 2016), are 

particularly unsustainable given most ponds are disused or abandoned after only a handful of years of 

operation (Giesen et al. 2006; Bosma et al. 2012). Reducing mangrove deforestation and conversion, 

in contrast, could stop as much as 7 – 8 Tg C y
-1 

of carbon entering the atmosphere every year
 

(Hamilton & Friess 2018; Atwood et al. 2017). Their high productivity and carbon density also means 

that the rehabilitation of mangroves could potentially sequester a substantial volume of atmospheric 

CO2 and therefore contribute to climate change mitigation. As such, mangroves are now attracting 

strong interest at the international policy level, either through national level commitments to the 

International Paris Agreement (Adame et al. 2018; Taillardat et al. 2018) or via incorporation into 

forest carbon offset markets and other Payments for Ecosystem Services schemes to fund 

conservation and rehabilitation (Locatelli et al. 2014). However, our understanding of the full suite of 
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process driving carbon cycling, storage, and allocation in mangroves as well as fluxes (or outputs) of 

non-CO2 gases (N2O and CH4) is limited. This hampers the ability to incorporate mangroves into such 

forest carbon offset schemes because of a lack of accurate estimates of the potential net greenhouse 

gas (GHG) emissions offset benefits provided by mangrove forests.  

 

The aim of this review is to provide a synthesis of the net potential GHG mitigation benefits resulting 

from rehabilitating (GHGrehab) and established (GHGestablished) mangrove forests, focusing on their 

inputs (carbon sequestration), outputs (GHG atmospheric emissions of CO2, N2O and CH4), net 

ecosystem production (NEP) and net ecosystem carbon balance (NECB). Data on community 

structural dynamics, carbon stock change (Cameron et al. 2018) and GHG emissions (Cameron et al. 

2019) from rehabilitating mangrove sites in Tiwoho, North Sulawesi and Tanakeke, South Sulawesi of 

Indonesia(Figure 2) were used to refine the conceptual carbon balance model for established 

mangrove forests as described by Alongi (2014). This is provided as Supplementary Information 1, 

and the components are self-populating based on equations developed on the relationship between 

net primary production (NPP) and various carbon pathways following Alongi (2014). Values for key 

carbon components can be added by users, such as the allocation of NPP, the ratio of heterotrophic 

(Rh) to autotrophic respiration (Rr), and CH4 and N2O fluxes in order to test assumptions, refine 

estimates, and improve the overall accuracy of mangrove carbon storage and flux components. This 

is critical to improve the certainty of GHG emissions reductions and strengthen the evidence base 

needed to underpin the use of forest carbon financing mechanisms for urgently required mangrove 

restoration. The data tables provided as Supplementary Information 2 and 3 include unmodified, 

published from Cameron et al. 2018 and Cameron et al. 2019 which is drawn on for the current study. 

 

(insert Figure 1) 

 

2. Materials and Methods 

2.1 Case study location and restoration activities  

We focused on two contrasting locations in Sulawesi where mangrove rehabilitation has been 

undertaken; Tanakeke Island and Tiwoho (Figure 2). Both locations share a similar management 

history of clearance and conversion to aquaculture ponds followed by subsequent disuse before the 
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initiation of rehabilitation activities in 2005 (Tiwoho) and 2010 (Tanakeke). However, while both 

locations are classified as coastal fringing, they differ markedly in biophysical settings and 

productivity. Tanakeke is an oceanic atoll exhibiting low growth, low diversity and shallow coralline 

sandy substrates while Tiwoho is a high growth, high diversity, riverine influenced system with deeper 

organic soils (Cameron et al. 2018). These two sites were chosen to ensure that the developed model 

is broadly applicable to mangroves across a range of geomorphic and ecological settings. 

 

Tiwoho is located within Bunaken National Marine Park in the province of North Sulawesi. In 1991 

approximately 14 ha of mangroves were converted to aquaculture ponds. However, these ponds were 

subsequently affected by disease and poor water quality. This resulted in diminishing yields and lead 

to eventual abandonment by the late 1990’s. Ponds were fallow and unused for 6-7 years before 

rehabilitation of three ponds was commenced in 2005 (Brown & Djamaluddin 2017). This community 

focussed program targeted three separate areas of the disused ponds (Rehab 1TW, Rehab 2TW, and 

Rehab 3TW) to facilitate natural secondary succession of mangroves. Man-made drainage channels 

were filled in by hand, and dyke walls were removed (Brown et al. 2014). Small-scale supplementary 

plantings and hand disbursement of mangrove propagules was also conducted at some locations, 

particularly Rehab 3TW where natural establishment of mangrove has not been successful for many 

years (Djamaluddin 2007). An area of disused aquaculture ponds (Pond 3TW) converted from 

mangroves around the same time as Tiwoho were also assessed. While ponds were drained and 

disused at the time of fieldwork, they not abandoned and are intermittently re-stocked with larvae and 

harvested if market conditions are favourable (Cameron et al. 2018). Sluice gates at these ponds 

were partially degraded, allowing a limited influx of tidal water (Cameron et al. 2019). Any vegetation 

that re-establishes through partial hydrological connectivity is subsequently removed by the owner.   

 

Tanakeke Island is a low lying coral atoll covering ~3, 930 ha located 8 km off the south-west coast of 

Sulawesi. The island originally contained 1,776 ha of fringing over-wash mangrove forests, but 

approximately 1,276 ha were lost through conversion to aquaculture in the 1990s-2000s (Ukkas 

2011), reflecting broader trends in mangrove loss in Sulawesi (Malik et al. 2016) Most aquaculture 

ponds are now abandoned or disused due to shoreline erosion, disease, declining water quality, 

fluctuating shrimp and fish prices on local markets and increasing input costs (Brown et al. 2014). 
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392.25 ha of rehabilitation works were undertaken on Tanakeke, including 19.8 ha at the primary 

study location of Lantang Peo (Rehab 4TI). Activities included the strategic breaching of dyke walls to 

reinstate tidal regimes and the construction of a 620 m long, 1.5 m wide meandering artificial creek 

connecting a natural channel to the north with a shallow embayment to the south which enables tidal 

waters to flow over and across Rehab 4TI ponds and facilitating drainage. The hand dispersal of 

mangrove propagules at high tide (rather than propagule plantings) was also conducted by the 

community of Lantang Peo to encourage recruitment (Cameron et al. 2018). 

 

(insert Figure 2) 

 

2.2 Assessments of GHG flux 

GHG flux (CO2, N2O, and CH4) from Tiwoho and Tanakeke was assessed using a photoacoustic infra-

red gas analyser (INNOVA 1412i, LumaSense Technologies, Inc., CA, USA) using the static chamber 

method as described in Cameron et al. 2019. The methodology incorporated the influence of factors 

which affect rates of GHG flux such as differences in soil heterogeneity as a function of relative 

numbers of macroinvertebrate burrows, Thalassina mounds, tree root structures, and the presence of 

biofilm, as well as temporal factors such as periods of inundation across spring and neap tidal 

periods. For the purposes of this study, GHG measurements are representative of fluxes from 

sediment in typical abandoned aquaculture ponds subsequently rehabilitated to mangroves and thus 

inform estimates of atmospheric emissions for rehabilitating mangrove forests (GHGrehab). GHG efflux 

estimates were converted to Mg CO2e ha
-1

 y
-1 

to enable commensurability with greenhouse gas 

inventories used in policy discourse through use of a common unit of measurement (Cameron et al. 

2019). N2O and CH4 efflux values are multiplied by their global warming potentials of 298 and 25 

respectively (Forster et al. 2007). 

 

2.3 Carbon stocks and sequestration 

Cameron et al. (2018) reported on community structure and carbon stock change in biomass (trees, 

seedlings and saplings, dead and downed woody debris) and soil across a land use change 

continuum from initial conversion from mangrove forests to aquaculture ponds followed by 

subsequent restoration. This was undertaken using an internationally recognized field protocol 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

7 
 

(Kauffman & Donato 2012) with allometric equations of Komiyama et al. (2005), Kauffman & Cole 

(2010), Clough & Scott (1989), Komiyama et al. (2008), Wilson (2010), Chave et al. (2009), Simpson 

& Verrill (1997) and Smith & Whelan (2006) used to calculate above and below ground biomass using 

both species-specific equations and generic equations for mangroves. Carbon stock change in 

biomass over a 10- and 4-year period following restoration from aquaculture ponds at the Tiwoho and 

Tanakeke sites respectively was used as a basis to estimate Net Primary Production (NPP), the rate 

of above and below ground biomass accumulation. A multiplier of 32.3% was used to estimate leaf 

litter production, the key missing component of NPP from our measurements, based on the global 

average allocation of NPP to leaf litter in mangrove forests (Alongi 2014) in lieu of site specific field 

measurements. Deriving estimates of leaf litter production and turnover requires the deployment of 

litterfall traps for a minimum of 2 years with collection at least every month to limit decomposition. 

Access to remote study sites in north and south Sulawesi were difficult to resource, however. The 

proxy estimate of Alongi (2014) was based on a large number of studies in tropical sites and some 

confidence can be placed in the use of this value. Additional components of NPP such as the amount 

of grazing by herbivores are not included given an absence of global data for mangroves.  

 

3. Estimating GHG emissions removals from rehabilitating and established 

mangrove forests 

The approach used to estimate net GHG emissions removals from rehabilitating and established 

mangroves firstly requires an estimation of carbon inputs (sequestration in soils and biomass, Section  

3.1) as well as outputs (atmospheric CO2 emissions, Section 3.2) from which to develop a carbon 

allocation and pathways model (Section 3.3). Subtracting respiration outputs from inputs is analogous 

to the biophysical mass balance concept of NEP (Section 3.4). Additionally, including mangrove 

associated primary producer communities (e.g. phytoplankton, seagrass beds and benthic algae), the 

import and burial of allochthonous soil C, and the export and exchange of C in interstitial waterways 

(∑ExC) enables an estimate of NECB (Rivera-Monroy et al. 2013, Section 3.5). Subtracting emissions 

of non-CO2 GHGs (CH4 and N2O) enables a full estimation of the GHG emissions mitigation potential 

of mangroves (GHGrehab and GHGestablished, Section 3.6). 
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3.1 Carbon inputs  

Carbon gains, or inputs, are determined by the rate of growth over time as mangroves develop. Net 

Primary Production (NPP), one of the fundamental parameters describing ecosystem functioning, is 

defined as the net amount of new organic matter produced per unit area and time. This includes 

wood, leaf and root tissues production as well as root exudates and volatile organic carbon 

compounds (Malhi et al. 2011).  

 

Average NPP in global reviews of established mangrove forests has been estimated at 15.2 Mg C ha
-

1
 y

-1
 (Alongi 2014) and 13.6 Mg CO2 ha

-1
 y

-1
 (Bouillon et al. 2008), ~30% higher than NPP of 

established tropical forests in Amazonia (10.6 ± 0.7 Mg C ha
-1

 y
-1

. Malhi et al. 2011). Comparatively 

higher NPP in mangroves than other habitats may be partly attributed to (a) higher foliage production 

and leaf litter turnover rates, with mangrove forests exhibiting 16% higher litterfall than other 

equatorial tropical forests (Komiyama et al. 2008); and (b) the proportionally higher allocation of NPP 

to belowground biomass of 35.8% in mangroves (Alongi 2014) compared to 26.4% in some tropical 

forests (Malhi et al. 2011). The high allocation of NPP to BGB in mangroves is considered a 

physiological response to (a) conserve and recycle nutrients by counterbalancing the loss of litter and 

other detritus via tidal advection; (b) maximise water gain through developing extensive root systems 

which turnover rapidly given saline conditions negatively affect water retention; and (c) provide 

greater stability and anchorage in soft substrates by lowering the centre of gravity (Alongi 201; Alongi 

2014; Komiyama et al. 2008). 

 

At 10 years post-restoration, estimated NPP (inclusive of a multiplier to estimate litterfall) averaged 

across Tiwoho’s rehabilitated sites was 7.3 ± 0.7 Mg C ha
-1

 y
-1

 (Table 1), which is approximately half 

the global mean NPP of established mangrove stands (Alongi 2014). Tanakeke, conversely, had an 

estimated NPP of only 0.4 ± 0.1 Mg C ha
-1

 y
-1

. There are several published studies that provide 

chronological data describing above ground biomass accumulation for developing monocultures of 

Rhizophora spp. mangrove forests in various countries and geomorphic settings. When these studies 

are converted to NPP by accounting for leaf litter production and dividing reported biomass 

accumulation by cohort age, the estimated growth rates of the Rhizophora spp. dominated Rehab 3TW 

(8 ± 1.0 Mg C ha
-1

 y
-1

) in Tiwoho compares favourably with estimates of regenerating R. mucronata 
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forest of the same age in central Thailand (6 Mg C ha
-1

 y
-1

, Matsui et al. 2012). This site was similarly 

rehabilitated from an abandoned aquaculture pond. Rates of a 12 year old plantation of R. mucronata 

from Gazi Bay, Kenya were lower at 4.9 Mg C ha
-1 

y
-1

 (Bosire et al. 2008). Coastal fringing sites lag 

slightly behind a 10 year old R. apiculata monoculture stand in Ca Mau, Vietnam (8.7 Mg C ha
-1

 y
-1

, 

McNally et al. 2011) and the extreme biomass (15.9 Mg C ha
-1 

y
-1

) obtained in just 12 years of 

regrowth in a managed charcoal plantation in central Thailand (Kridiborworn et al. 2012), both of 

which are located within estuarine settings.  

 

3.2 Carbon outputs 

Net outputs, or losses of carbon to the atmosphere, are derived from both autotrophic (Ra) and 

heterotrophic (Rh) respiration. Soil temperature, moisture, texture and air-filled porosity, abundance of 

macrofauna (bioturbation) and inundation frequency and duration are considered the most important 

environmental parameters controlling variation in efflux (Chanda et al. 2014; Fuentes & Barr 2015; 

Cameron et al. 2019).  

 

Average CO2 efflux from exposed mangrove soils worldwide (2.7 Mg C ha
-1

 y
-1

, Alongi [2014]; 7.2 Mg 

C ha
-1

 y
-1

,
 
Kristensen [2007]) is higher than that from inundated soils (2.2 Mg C ha

-1
 y

-1
, Alongi [2014]; 

2.5 Mg C ha
-1

 y
-1

; Rosentreter et al. [2018a]; 2.2 Mg C ha
-1

 y
-1

, Kristensen [2007]), with incoming flood 

tides filling soil pores and forcing rapid outgassing before inundation supress atmospheric exchange. 

These differences reflect higher molecular diffusion rates of CO2 in water, with fluxes enhanced by 

soil porosity from abundant holes, crab burrows, fissures and cavities that may extend deep into the 

soil and which are replenished with air during exposure. This also increases the available surface 

area for aerobic respiration and chemical oxidation (Alongi 2009; Alongi 2014; Bouillon et al. 2008), 

with several studies noting that surface bioturbation from deep burrows may expose carbon 

previously locked away and buried under anaerobic conditions to atmospheric exchange (Maher et al. 

2018). Exposed and inundated conditions, therefore, need to be weighted to develop mean values of 

soil CO2 efflux when deriving carbon budgets for mangrove forests. We use a combined average 

value of soil / water – atmosphere CO2 efflux for mangroves worldwide of 4.8 Mg C ha
-1

 y
-1 

(Alongi 

2014) as a benchmark against which to compare CO2 emissions from Tiwoho (average of 7 ± 0.5 Mg 

C ha
-1

 y
-1

) and Tanakeke’s (0.1 ± 0.0 Mg C ha
-1

 y
-1

) rehabilitating sites.   
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To estimate carbon budgets in mangrove forests, the magnitude of Rh from micro- and macro-

organisms in the soil must be separated from autotrophic respiration (Ra). Plant respiration from fine 

roots (Rr) is a major component of autotrophic respiration and permeates surrounding soils via their 

aerenchyma. Rh is of a similar magnitude and caused by microbial and macrofaunal degradation of 

organic matter that is exchanged with the atmosphere either from exposed (Rs) or inundated soils 

(RH2O). Separating CO2 efflux into Rr and Rh, however, requires techniques such as excising living fine 

roots and enclosing in chambers to measure flux (e.g. Lovelock et al. 2006) or undertaking trenching 

to isolate living roots which can impose methodological limitations. Few studies have been conducted 

to date to explicitly understand this aspect, with Bouillon et al. (2008) stressing the need to develop 

novel approaches to quantitatively partition CO2 fluxes between autotrophic and heterotrophic 

respiration.  

 

Research into CO2 efflux from mangrove soils has typically been made from chambers enclosing a 

small area of the soil surface (Alongi 2009). These studies, and more recent ones such as Chen et al. 

(2016), attribute all soil CO2 flux to Rh based on the assumption that the aerenchyma tissues of fine 

roots are connected with aboveground lenticels (pneumatophores, prop roots, and buttresses) with 

metabolic root respiration (Rr) primarily released through these structures (Komiyama et al. 2008). 

Below-ground roots of mangroves in these studies are therefore thought to make a small contribution 

to soil respiration, particularly if soil respiration chambers are placed to avoid pneumatophores 

(Komiyama et al. 2008). However, possibly the largest unknown factor in determining the fate of NPP 

involves the leaching of organic compounds (exudates) out of fine roots (Malhi et al. 2011) and there 

is currently insufficient data to accurately confirm this assumption and estimate the contribution of Rr 

to soil CO2 efflux (Lovelock et al. 2006). In addition to lenticel respiration, fine roots may also either 

respire CO2 via aerenchyma directly into surrounding soils or form a constituent carbon source for the 

production of root exudates, both pathways of which form a carbon supply for symbiotic mycorrhizae 

(Malhi et al. 2011). Subsurface autotrophic CO2 that is not captured and consumed by heterotrophs 

may therefore escape to the soil surface as Rr.    
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In this study, in lieu of direct measurements of root respiration (Rr) we use an indirect method for 

Tiwoho’s rehabilitating sites starting with an axiom where the relative contributions of Rh and Rr to 

overall soil CO2 efflux can be estimated through comparisons of non-vegetated aquaculture ponds to 

intact mangroves. Pond 3TW, the disused, non-vegetated ponds with only partial tidal influx near to the 

rehabilitating mangroves of Tiwoho were used as a proxy for estimating Rh : Rr. While there are 

limitations in inter-site reference applicability, particularly in the composition of heterotrophic faunal 

assemblages and subsequent bioturbation where detritivore species (e.g. Grapsid crab spp.) are 

absent given the lack of vegetation, Cameron et al. (2019) observed no statistically significant 

differences in either the number of macro faunal burrows or Thalassina (Mud lobster) mounds 

between Pond 3TW and the rehabilitating sites. Additionally, other known key drivers of soil CO2 efflux 

(temperature, soil moisture content and relative inundation periods) were largely consistent between 

Pond 3TW and the rehabilitating sites (Cameron et al. 2019). Pond 3TW had a CO2 efflux rate of 3.1 ± 

0.5 Mg C ha
-1

 y
-1 

which we assume is derived purely from Rh. Using this as a base, we estimate that 

56.1% (3.9 ± 1.1 Mg C ha
-1

 y
-1

) of the observed CO2 efflux from Tiwoho’s three rehabilitating sites is 

derived from Rr, with the remainder (43.9%, 3.1 Mg C ha
-1

 y
-1

) from Rh giving a Rh: Rr ratio of 1:1.25. 

This ratio is similar to data inferred from Castillo et al. (2017), Gillis et al. (2017) and Hien et al. 

(2018), where comparisons of Rr and Rh derived CO2 efflux from natural and disturbed mangrove 

systems (converted to aquaculture ponds and clear cut respectively, with no autochthonous 

respiration) show ratios of RH: Rr of 1:1.54, 1:1.30, and 1:1.25 respectively. Similarly, Lang’at (2013) 

used a regression technique involving live root biomass combined with temperature readings to 

partition soil CO2 flux in an intact, established mangrove forest in Gazi Bay (Kenya). In contrast to our 

findings, this study estimated that 40.5 ± 7% of total observed soil respiration was attributable to Rr , 

with results supported by a paired control – treatment trial (intact [Rr and Rh] vs. clear-cut [Rh only]). 

Data inferred by comparing emissions from cleared and intact mangroves in New Zealand (Bulmer et 

al. 2017, biofilm intact data) show Rh may contribute up to 79.5% of total soil CO2 efflux, perhaps 

reflecting systematic differences in respiration kinetics of temperature in temperate vs. tropical 

systems.   

 

There are a variety of factors which dominate soil respiration rates in mangrove forests, and these 

may even differ within the same forest over time resulting in an enormous heterogeneity of soil 
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typologies (Alongi 2009). Of importance, overall forest floor respiration is often higher when forests 

are young and declines with age, implying that forest ecosystem respiration peaks when forests are 

young, not old (Pregitzer & Euskirchen. 2004). The consequences for estimating rates of autotrophic 

and heterotrophic metabolism are thus not without difficulty, with the lack of empirical data signalling a 

clear research prerogative. For the rehabilitating mangrove sites of Tiwoho with high canopy 

coverage, while noting methodological limitations, Rr is likely to be a significant component of soil CO2 

efflux and indicative of high productivity and belowground metabolic processing characteristic of 

developing forests. 

 

In contrast, CO2 efflux from the rehabilitating sites on Tanakeke is likely to be almost entirely derived 

from heterotrophic respiration given the sporadic mangrove coverage. The sites are also less than 1 

m above mean sea level resulting in a long hydroperiod which tends to inhibit overall flux. Additionally, 

as pond walls have been breached and tidal over-wash conditions reinstated, it has facilitated the 

development of photosynthetic biofilm across the sandy plateau of the ponds interior. Biofilm matts 

can act not only as barriers to the flux of Rh derived CO2 from deeper sediment layers by forming 

semi-permeable extracellular polymeric substances (Leopold et al. 2013), but may also function as a 

weak CO2 sink if they are phototrophic (Cameron et al. 2019).  

 

3.3 Carbon allocation and pathways in established and rehabilitating 

mangrove forests  

Carbon inputs and outputs can be allocated and partitioned along various pathways in order to inform 

estimates of overall carbon gains. Figure 3 provides a conceptual diagram of allocation and pathways 

in (a) established mangrove ecosystems (data interpreted from Alongi [2014]) and (b) average values 

of rehabilitating mangrove forests in Tiwoho in parenthesis (based on data from Cameron et al. 2018 

and Cameron et al. 2019). While Tanakeke data is not reproduced in Figure 3, the Supplementary 

Information provides a breakdown of carbon allocation and GHGrehab pathways. Using this framework, 

NPP is allocated into three main components; above ground woody biomass (NPPwood), below ground 

root biomass (NPProots), and leaf production and turnover as litterfall (NPPlitter). Almost 36% of NPP is 

vested in NPProots, with remaining NPP distributed almost equally to NPPwood (31.9 %) and NPPlitter 

(32.3%, Alongi 2014).  
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Established forests 

Established mangrove forests can be considered to be in equilibrium (steady state), with very little 

fixed carbon used in actual growth of above ground woody biomass apart from instances where old 

trees are replaced by new growth (Alongi 2012). This assumption, however, is being challenged in 

old-growth, terrestrial forests with these ecosystems continuing to accumulate carbon (Killinic et al. 

2013; Sillett et al. 2015). The lack of woody biomass accumulation in established mangroves implies 

that either some carbon sink components are underestimated and / or some important pathways for 

organic matter removal and export have been overlooked (Bouillon et al. 2008) in contemporary 

models. We hypothesize that much of the NPP allocated to NPPwood (4.9 Mg C ha
-1

 y
-1

) and NPProot 

production (5.4 Mg C ha
-1

 y
-1

) is excess to bio-physiological requirements. While a portion of fixed 

carbon is used in tissue maintenance, and there is some burial of decayed fine roots (0.4 Mg C ha
-1

 y
-

1
), the majority of carbon is surplus to metabolic functioning and transported vertically through plant 

tissues from woody material and vested in fine roots. Excess carbon is then either removed from fine 

root aerenchyma as volatile organic compounds (root exudates, Rexu, 9.9 Mg C ha
-1

 y
-1

) or stored in 

fine roots which rapidly turnover and accumulate in soils. Fine root decay in mangroves is slow and 

probably serves as a nutrient retention mechanism (Alongi 2009), and while fine roots may not always 

be the dominant root fraction in terms of overall biomass they are considered the most active 

component with high rates of production and turnover (Bouillon et al. 2008). Exudates and decaying 

fine roots are subsequently consumed and respired by sub-surface heterotrophs such as mycorrhizae 

fungi, with some respiration seeping to the surface and emitted from exposed (Rs) and inundated soils 

(RH2O). In our model, we revise Alongi’s (2014) original estimates of Rs and RH2O by partitioning total 

soil / water CO2 flux into Rr (2.8 Mg C ha
-1

 y
-1

) and Rh components (Rs and RH2O, 2 Mg C ha
-1

 y
-1

) 

based on the ratio we developed for Tiwoho’s sites (Rr :RH2O / Rs = 1:1.35), whilst acknowledging the 

inherent limitations in applicability here.  

 

Remaining unaccounted for carbon from Rexu is assumed to be consumed by heterotrophs and 

exported to adjacent nearshore habitats through tidal advection in interstitial waters as dissolved 

inorganic carbon (RDIC, 9 Mg C ha
-1

 y
-1

). Intact mangrove soils with their multitude of porous cracks, 

fissures and burrows have been likened to enormous ecological sponges or carbon reservoir – pump 
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systems (Alongi 2014). Flood tidal cycles drive inundation and ebb tides subsequently drain soils 

(Fuentes & Barr 2015), with subsequent advection and lateral export of large amounts of carbon in 

the form of RDIC from mangroves to adjacent waterways and groundwater (Alongi. 2014; Bouillon et al. 

2007; Perillo et al. 2009). These pathways have not been explicitly accounted for in most 

assessments of mangrove productivity to date, and the exchange of RDIC between mangroves, the 

atmosphere and the coastal ocean and its ultimate fate in the ocean is increasingly recognised as 

potentially a highly important component in mangrove carbon budgets (Bouillon et al. 2009).  

 

Carbon is also used in new leaf growth and subsequent litterfall (NPPlitter), with 22.1% of NPPlitter 

decomposed in situ and respired by heterotrophs as Rs and RH2O. 40.9% of NPPlitter is exported as 

particulate organic carbon (ExPOC) with an additional 22.1% broken down (but not consumed) and 

exported as dissolved organic carbon (ExDOC). Half of the exported organic carbon (ExOC) within 

mangrove waterways is broken down in situ by microbial degradation, while the other half is not as 

easily degradable and is exported into adjacent systems (Dittmar et al. 2006). A third of ExOC is 

destroyed by sunlight which effectively removes aromatic carbon molecules during transport offshore 

(Dittmar et al. 2006; Broadhead 2011). The remaining fraction is refractory (i.e. integrity / structure 

maintained) and, along with ExDIC, is subsequently available for photosynthetic uptake by autotrophs 

(e.g. phytoplankton, seagrass. Figure 4). The remaining 14.9% of NPPlitter is buried in soils (Slitter). 

 

Rehabilitating forests  

In contrast to established mangroves, for rehabilitating mangrove forests such as Tiwoho and 

Tanakeke the majority of carbon is fixed through NPP (average of 7.3 ± 0.7 Mg C ha
-1

 y
-1

)
 
is retained 

and invested in the growth (NPPgrowth) of above ground woody biomass and in fine / coarse root 

production, with less surplus carbon and hence less exudate (Rexu). The enhanced allocation of 

carbon to root systems in rehabilitating mangrove forests may be an even more important nutrient 

conservation mechanism than established forests by providing a source of nutrients beyond those 

required for the production of short-lived tissues such as leaf litter detritus which is susceptible to tidal 

export, thus enabling biomass accumulation during forest growth (Raich et al. 2014). In our model we 

hypothesize that all Rexu is consumed and respired as Rs and RH2O (2.6 Mg C ha
-1

 y
-1

) in situ by 

mycorrhizae,
 
with little or no interstitial export of RDIC derived from Rexu sources. There is, however, 
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interstitial and lateral export of ExDOC into adjacent waters, and heterotrophic respiration from the 

consumption of sources such as fine roots that is not accounted for as Rs and RH2O will be flushed into 

nearshore waters as well. The remaining fraction of Rh (0.5 Mg C ha
-1

 y
-1

)
 
is

 
derived from the 

decomposition of leaf litter (Rlitter).  

 

3.4 Net ecosystem production 

Estimates of net overall carbon gains, or NEP, are derived through either (a) subtracting Rh from 

NPPmang or (b) subtracting net ecosystem respiration (Re, the sum of Ra and Rh) from Gross Primary 

Production (GPP, Randerson et al. 2002). A third means is sum any carbon that is not respired. This 

is stored principally in autochthonous soil carbon (Sauto) sourced from the burial of leaf litter (Slitter) and 

fine root turnover (Sroot), as well as the portion of exported DOC (EXDOC) and POC (ExPOC) derived 

from NPPlitter which remains within the system and is not exchanged with the atmosphere. Estimates 

of the few mangrove NEP studies conducted to date are summarised in Table 1.  

 

Global estimates of average NEP in mangroves (4.2 Mg C ha
-1

 y
-1

 Alongi 2014; 4 Mg C ha
-1

 y
-1

 

Bouillon et al. 2008) account for RDIC export as a system loss and align closely with our estimate 

averaged across Tiwoho’s rehabilitating sites (4.2 ± 0.6 Mg C ha
-1

 y
-1

). Rehab 1TW and 3TW, however, 

exhibit much higher NPP than Rehab 2TW which results in significantly greater NEP for these sites 

given rates of overall CO2 efflux (Rr and Rh) across all three sites are very similar. Despite minimal 

respiratory outputs, the lack of regrowth at Tanakeke results in negligible NEP (0.3 ± 0.1 Mg C ha
-1

 y
-

1
). The other site specific studies in Table 1 show NEP ranging from 2.9 Mg C ha

-1
 y

-1
 to 29.7 Mg C 

ha
-1

 y
-1

 with an average of 14 Mg C ha
-1

 y
-1

. High NEP values are significantly positively correlated 

with tidal range with a coefficient of 0.68 for the case studies listed in Table 1. While physiological and 

environmental constraints control mangrove growth and productivity, larger tides can help drive higher 

NEP rates as they provide more external energy to a system which facilitates vigorous mixing of tidal 

waters, the removal of waste products and oxygenation of what would be stagnant waterlogged soils 

(Alongi 2014). Crucially, however, none of these studies accounted for the full suite of carbon 

pathways and fluxes from mangrove ecosystems with NEP estimates either not quantifying RDIC 

export or not separating soil respiration into Rr and Rh components, with true NEP likely much lower. 

For example, repeated above – and belowground biometric measurements (i.e. in situ quantitative 
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assessments of growth using litterfall and / or DBH measurements) at Shark Bay, Florida suggest 

much of the CO2 removed from the atmosphere does not accumulate in plants or soils, in contrast to 

the Eddy Covariance methodology which suggest much higher overall NPP and GPP. The tidal 

advection of dissolved inorganic (i.e. respiratory) and organic carbon away from the site produces the 

large discrepancies between the two estimates of carbon sequestration (Engel et al. 2011).  

 

While both global reviews are in agreement with regards to the ratio of NEP: NPP, (NEP equals 29% - 

27.6% of NPP for Bouillon et al. [2008] and Alongi [2014] respectively) in established forests, the ratio 

for Tiwoho and Tanakeke’s rehabilitating mangrove forests is much higher (NEP equals 68.5% and 

73.3% of NPP respectively). This suggest that while NPP may be higher in established than 

rehabilitating forests, proportionally more carbon is excess to requirements and exported as RDIC 

whereas in rehabilitating forests most carbon is retained and used to support new growth (NPPgrowth).  

 

Despite large losses of carbon via respiration (Ra and Rh), mangroves are net autotrophic and 

important storage sites for carbon within soils and standing biomass (Alongi 2014) with 

correspondingly high NEP both while developing and upon senescence. While mangrove forest 

production tapers off with age (mangrove forests established after 25 – 30 years) even established 

ecosystems are still net producers of carbon with high NEP driven largely through soil carbon burial 

and replacement of old trees for young (Alongi 2012; Komiyama et al. 2008). In comparison, NEP in 

developing boreal and temperate forests (0-10 year old stands) may even be net sources of 

atmospheric carbon (-0.1 and -1.9 Mg C ha
-1

 y
-1

) through high rates of Rh (Pregitzer and Euskirchen. 

2004). NEP in established tropical forests of Amazonia (Brazil) has been estimated at 0.7 ± 0.1 Mg C 

ha
-1

 y
-1

 (Malhi. 2011) and temperate forests 1.7 Mg C ha
-1

 y
-1

 (average across all age classes, 

Pregitzer and Euskirchen. 2004) while saltmarsh, seagrass and kelp forests display extremely high 

NEP and average 15.9, 12.1, and 15.9 Mg C ha
-1

 y
-1

 respectively (Alongi 2014).  

 

3.5 Net ecosystem carbon balance 

Assessing NECB in mangroves is a whole of ecosystem approach derived from the flux components 

of NEP from mangroves and associated primary producer communities as well as all carbon fluxes 

across both atmospheric and estuarine boundaries (Rivera-Monroy et al. 2013). While assessing the 
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NECB of mangrove ecosystems is necessarily complex due to the large number of component fluxes 

(Fuentes & Barr 2015), it represents the true net carbon gain or loss of a mangrove forest relative to 

the atmosphere and near-shore or estuarine waters.  

 

Mangrove ecosystems provide habitat for associated primary producer communities such as benthic 

microalgae which develop on mangrove soils as well as phytoplankton and associated seagrass beds 

which often co-occur with mangrove waterways and creeks. Of these primary producers, algae are 

typically an important contributor to NECB. Using interpolations of data from Alongi (2014) and algae 

carbon pathways from Duarte & Cebrian (1996) gives a benthic algae GPP within established 

mangrove habitats of 4.6 Mg C ha
-1

 y
-1

, with a corresponding NEP estimated at 1.3 Mg C ha
-1

 y
-1

 

(Figure 2). Algal carbon is either buried in mangrove soils, potentially forming a significant fraction of 

total sedimentary organic carbon (Alongi 2014), or exported into adjacent systems as ExOM. 

Additionally, allochthonous soil carbon imported into mangrove systems is estimated at 1 Mg C ha
-1

 y
-

1 
of which about ~70% (0.7 Mg C ha

-1
 y

-1
)
 
is subsequently buried (Alongi 2014).  

 

Additionally, the lateral transport of RDIC via groundwater, interstitial, and surface water out of 

mangrove systems into adjacent waterways through tidal advection and its eventual fate is an 

essential component of mangrove carbon balances yet little studied. In some systems, RDIC may 

amount to upwards of 70% of total production (Lovelock et al. 2011) and while such export may 

potentially contribute to CO2 emissions as carbon is exchanged from surface water to the 

atmosphere, it will also support secondary production (Lovelock et al. 2011) if carbon remains in situ 

within adjacent waterways. Because the net flow of water is from upstream freshwater systems to the 

coast, mangrove forests and other upstream ecosystems generally serve as sources of carbon and 

nutrients to the coastal environs (Fuentes & Barr 2015). Most RDIC is in the form of bicarbonate 

(HCO3) produced by heterotrophic respiration which may comprise upwards of ~85% of RDIC in some 

systems (Miyajima et al. 2009). Bicarbonate, in contrast with CO2, is not exchanged with the 

atmosphere and is eventually exported to the ocean (Miyajima et al. 2009). Approximately half (~50 

%) of RDIC exported from mangrove ecosystems to open oceans is exchanged with the atmosphere 

(ADIC, Williams & Follows 2011), although recent research from pristine mangroves in Moreton Bay, 

Queensland (Australia) suggest oceanic exchange may be substantially higher (72.2%. Maher et al. 
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2018). The remaining half (ExDIC) is comprised of bicarbonate and remains within the ocean, enabling 

secondary production (Lovelock et al. 2011. Figure 4). Bouillon et al. (2007), for example found that 

seagrass beds contiguous with mangroves in Gazi Bay, Kenya, were very efficient in trapping 

mangrove - derived organic matter and that the water - air exchange of excess CO2 transported from 

mangrove waters represents a significant component in the ecosystems carbon budget. Additionally, 

a recent study from North Sulawesi (Indonesia) examined the relative contribution of mangrove 

organic carbon to seagrass soils and revealed via δ
13

C analyses that mangroves contributed 34 % - 

83 % to soil organic carbon to adjacent seagrass meadows (Chen et al. 2017). Given that 

approximately half of exported RDIC derived from mangrove ecosystems remains within oceanic and 

nearshore environments, is not exchanged with the atmosphere and is subsequently available for 

secondary production (Williams & Follows 2011; Lovelock et al. 2011), there is the palpable possibility 

of expanding mangrove afforestation / reforestation project boundaries seaward to also include 

nearshore habitats, particularly where seagrass beds are in close proximity to reforested areas. 

 

3.6 Potential net GHG removals from mangroves 

The most recent global estimate of CH4 emissions from healthy mangrove soils and waterways is 1.7 

± 0.3 Mg CO2e ha
-1

 y
-1 

(Rosentreter et al. 2018b), very similar to Alongi’s (2014) estimate used in this 

synthesis (1.9 Mg CO2e ha
-1

 y
-1

). N2O emissions are assumed to be negligible (Alongi 2014). These 

values contrast with our findings from the rehabilitating sites in Tiwoho where CH4 and N2O emissions 

were considerably higher, with a combined average of 5.9 Mg CO2e ha
-1

 y
-1

. On Tanakeke, however, 

CH4 and N2O emissions were minimal at 0.3 ± 0.0 and 0.2 ± 0.1 Mg CO2e ha
-1

 y
-1

 respectively. CH4 

production can be positively correlated with high growth rates in some rehabilitating forests (Cameron 

et al. 2018b) as a consequence of enhanced belowground carbon supplies, where fine root turnover 

and decay facilitates conditions conducive to the development of methane producing bacteria. Fine 

roots form a carbon source more easily absorbed via digestion by methanogenic bacteria, rather than 

leaf litter or allochthonous carbon sources which are more labile and may form a greater proportion of 

soil carbon in established forests.  

 

If we expand our global NEP synthesis (15.4 Mg CO2e ha
-1

 y
-1

) to NECB by including algal NEP (4.8 

Mg CO2e ha
-1

 y
-1

) and allochthonous soil carbon burial (2.4 Mg CO2e ha
-1

 y
-1

), the estimated 50% of 
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RDIC that is not exchanged with the atmosphere (ExDIC, 16.6 Mg CO2e ha
-1

 y
-1

), and subtract CH4 and 

N2O emissions (1.9 Mg CO2e ha
-1

 y
-1

), the GHGestablished_max in established mangrove forests may well 

be upwards of 37.3 Mg CO2e ha
-1

 y
-1 

(Figure 3, Table 1). However, Maher et al. (2018) suggests that 

the atmospheric exchange of organic and inorganic carbon exported laterally to the ocean may be 

more significant than currently estimated. The model proposed here implies that all ExPOC and ExDOC 

contributes to NEP, whereas Maher et al. (2018) show that in fact 83.5% and 69.6% of ExPOC and 

ExDOC respectively is exchanged with the atmosphere from the open ocean. If these fractions are 

applied to our model, along with the portion of RDIC that is exchanged with the atmosphere (ADIC), 

GHGestablished_max is considerably lower at 22.8 Mg CO2e ha
-1

 y
-1

 which highlights some critical 

uncertainties in coastal carbon exchange (Macreadie et al. 2017).  

 

Estimated GHGrehab for Tiwoho’s rehabilitating sites is estimated at 18 ± 1.6 Mg CO2e ha
-1

 y
-1

 (Rehab 

1TW), 1 ± 0.0 Mg CO2e ha
-1

 y
-1

 (Rehab 2TW), and 12.5 ± 1.3 Mg CO2e ha
-1

 y
-1

 (Rehab 3TW) with an 

average of 10.4 ± 1.0 Mg CO2e ha
-1

 y
-1

. The GHGrehab averaged for Tiwoho’s rehabilitated sites is 

skewered downward considerably by Rehab 2TW. This site forms a weak overall source of GHG 

emissions through moderate CH4 and N2O emissions combined with a low NECB as a result of 

stunted growth, largely resultant from remaining impediments to hydrological connectivity (Cameron 

et al. 2018). Similarly, GHGrehab for Tanakeke’s rehabilitating sites remains minimal at 0.7 ± 0.3 Mg 

CO2e ha
-1

 y
-1

. Cameron et al. (2018) observed that while these sites are still young post – 

rehabilitation, impediments to successful regrowth include (a) largely intact, remanent pond walls 

which present a physical barrier for hydrological connectivity and natural propagule dispersal from 

adjacent mangroves during flood tides; (b) the inherent infertility of soils derived from coralline parent 

material; and (c) soil compaction as a legacy of conversion which may hinder root penetration, even 

with the assistance of propagule dispersal by hand. Conversely, if rehabilitation projects are situated 

in geomorphic and biophysical settings conducive to high productivity with unimpeded hydrological 

connectivity (Cameron et al. 2018) such as that exhibited by Rehab 1TW and 3TW this may drive net 

GHGrehab considerably higher. GHGrehab for Rehab 1TW and Rehab 3TW closely aligns with the 

estimated global GHGestablished synthesis (15.9 Mg CO2e ha
-1

 y
-1

, ∑[NECBmang + Sallo – CH4], with ANEP 

not included). However, overall GHGestablished in the global synthesis is higher than our Tiwoho values 

given N2O fluxes are included while no estimate is made for ANEP.  
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(insert Table 1, Figure 3 and Figure 4) 

 

4. Limitations and future directions    

There are a number of biophysical caveats and assumptions which underpin this synthesis, and an 

acknowledgement of the inherent limitations is fundamental to interpreting potential net GHG 

emissions from established and rehabilitating mangrove forests. Firstly, mangroves occur in a wide 

range of geomorphic and biophysical settings with corresponding differences in carbon storage and 

sequestration abilities both within (in terms of different species assemblages) and between forests 

(Alongi 2013) which negates to some degree the ability to generalise on the net GHG emissions offset 

potential of rehabilitating and established mangroves. A further assumption is that NECB remains 

constant, whereas in reality rehabilitating mangrove forests do not conform to linear growth 

trajectories (carbon sequestration via NPP) or mass balance models. Rather, they typically exhibit 

high growth in spurts between years 6-10 (Komiyama et al. 2008) before gradually tapering off upon 

maturity (circa 30 years of age), a classic forest growth sigmoidal growth pattern (Sillanpää et al. 

2017; Alongi 2009). Mangrove forest development is also shaped by changes in shoreline evolution 

and the rate of sea-level rise, creating an inherently dynamic environment with frequent alternating 

periods of accretion, subsidence and erosion (Woodroffe 1992, McKee et al. 2007, Krauss et al. 

2014). Given their propensity to undergo frequent disturbances, mangrove forest development can 

therefore be unpredictable, naturally variable and nonlinear leading to a mosaic of arrested 

succession sequences (Alongi 2012). This makes long-term projections of the net GHG emissions 

offset potential  in rehabilitating and established mangrove forests difficult to gauge and requires 

project proponents to deal with high levels of uncertainty, typically expressed through the creation of 

‘buffer pools’ for ensuring the permanence of any certified emissions removals. 

 

Another key limitation is compartmentalising CO2 flux from mangrove soils into Rr and Rh 

components. It was assumed in this study that soil – atmosphere CO2 flux is derived from both Rr and 

Rh sources, contrary to a number of other studies (e.g. Chen et al. 2016, Komiyama et al. 2008) which 

stipulate that soil -atmosphere CO2 flux from chamber measurements is derived entirely from Rh. This 

is a crucial assumption as NEP can be estimated by subtracting Rh from NPP. Applying this 
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assumption to the rehabilitating sites of Tiwoho results in NEP values of 13.3 ± 2, -14.3 ± 0.6, and 3.9 

± 0.8 Mg CO2 ha
-1

 y
-1 

for Rehab 1TW, Rehab 2TW, and Rehab 3TW respectively. These values are much 

lower than reported here, with the NEP of Rehab 2TW negative (a net source of carbon emissions). 

This is possible and NEP estimates for young (0-10 year old) boreal and temperate forests have been 

shown to be net atmospheric carbon sources (Pregitzer & Euskirchen 2004) with significant 

respiratory fluxes. However, a number of other studies support the assertion taken here with Rh 

ranging between ~40 and ~80% of total soil – atmosphere CO2 efflux (Castillo et al. 2017, Gillis et al. 

2017, Lang’at  2013, Bulmer et al. 2017, Ouyang et al. 2018, and Hien et al. 2018). Alternatively, the 

eddy covariance method could be used to directly measure NEP. Application of this aerodynamic 

method, however, is impractical in mosaics of small mangrove stands and aquaculture ponds and it 

has not been widely used in mangrove forests (Barr et al. 2010). At patch scales, estimates of fluxes 

and emissions are more accurately quantified using chamber and inventory methods, the approach 

taken in this study. 

 

Additionally, the critical difference between rehabilitating and established forests in our model is the 

fate of NPP and the relative importance of Rexu as an export mechanism for carbon excess to 

biophysical requirements. As forests established, they no longer require all of the carbon fixed 

through NPP to support new growth (NPPgrowth in our model). However, NPP in established forests is 

substantially higher than rehabilitating forests, which implies that as forests established their overall 

productivity actually increases (in stark contrast to most terrestrial forests) despite no longer requiring 

as much carbon to facilitate the development of new woody tissue. Fixing large amounts of carbon 

which are surplus to requirements and the subsequent exudation of this via fine roots (Rexu) or through 

fine root turnover is most likely a nutrient retention mechanism developed in response to the highly 

dynamic, tidally inundated coastal environments. The point at which the rate of carbon fixation 

becomes surplus to requirements and switches from NPPgrowth to Rexu and, subsequently, to a source 

for RDIC requires further empirical research.  

 

This is of pertinence as the reservoir – pump system theorem of RDIC / ExDIC, ExDOC and ExPOC export 

has been studied in-depth in only a handful of locations which limits understanding of both spatial and 

temporal rates of exchange. It is important to recognize the inherent uniqueness of each mangrove 
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ecosystem in this regard. Some systems may serve both as exporters of organic and inorganic 

carbon while others import DOC and POC during tidal inundation but export DIC, and assessing the 

net balance of these processes is not straightforward (Bouillon & Connolly 2009; Hiraishi et al. 2013). 

The direction of net carbon exchange is heterogeneous in time and space (Engel et al. 2011) and can 

vary even within the same location through changes in season (Hiraishi et al. 2013) and or / climatic 

events.  

 

Despite such limitations, the importance of maximising potential net removals of GHGs by extending 

project boundaries seaward to account for RDIC that is not exchanged with the atmosphere (ExDIC) 

should not be underestimated given the capacity of mangroves even upon maturity to be net sinks. 

Accounting for ExDIC may require the use of resource intensive but holistic and long-term monitoring 

methodologies that couple eddy - covariance (flux tower) techniques with biometrics linking tree 

growth and carbon stock changes (i.e. allocation of photosynthates to wood, foliage and litter 

production) as well as measurements of dissolved and particulate carbon fluxes when developing 

NECB estimates (Fuentes & Barr 2015). Furthermore, the development of improved, empirically 

verified field techniques for separating fine root from heterotrophic respiration as well as NEP from 

mangrove allied benthic primary producer communities is a key research prerogative and crucial for 

reliable estimates of total GHG removals. While accounting for ExDIC, benthic primary producer 

communities and Rr / Rh may increase monitoring costs and has implicit resource implications, it will 

also improve the degree of certainty (a trade-off made necessarily made at the project assessment 

level) and may well substantially increase potential emissions removals. 

 

5. Conclusions 

Rehabilitating aquaculture ponds back to mangroves has the potential to bring back some of the 

important ecosystems services (including carbon sequestration) that healthy, established mangroves 

provide. While a number of gaps remain to validate the carbon pathways and allocation model 

described by Alongi (2014) and presented here, the available evidence provides a clear indication that 

rehabilitating mangroves can offset GHG emissions provided they are situated in biophysical and 

geomorphic settings conducive to carbon accumulation with unimpeded hydrological connectivity. 

Furthermore, their carbon sink capacity may actually be enhanced (and not taper off as in most 
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terrestrial systems) as mangroves reach maturity, a facet which stresses the importance of 

considering the extension of project boundaries seaward to account for the proportion of exported 

dissolved organic and inorganic carbon not exchanged with the atmosphere in emissions accounting. 

These findings should be valuable in strengthening the evidence base needed to galvanize public and 

private sector support for mangrove restoration within the forest carbon sector and provide a 

complementary approach to avoided deforestation initiatives such as REDD+. 
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Figure 1: Comparison of above and belowground biomass and soil C stocks in various forest types 

worldwide with established mangroves of the Indo – Pacific region. Above and below ground biomass 

for terrestrial forests interpolated from Luyssaert et al. (2007). Original units were converted from g C 

m
2
 to Mg C ha

-1
. Soil C data for boreal, temperate and tropical forests was obtained from the Food 

and Agricultural Organisations State of the World’s Forests dataset (2001) and averaged across 

forest types. Data for Indo – Pacific mangroves is sourced from Donato et al. (2011).   
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Figure 2: Location of rehabilitating mangrove sites in Tiwoho (Rehab 1, 2, 3TW. 1º35’36.34”N, 124º50’38.27’’E) in relation to disused ponds (Pond 3TW) as well 

as Tanakeke Island (Rehab 4TI. 5º27’50.68’’S, 119º17’26.51’’E). 
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Figure 3: Conceptual diagram of carbon pathways in established mangrove ecosystems interpreted from Alongi (2014) and average values of rehabilitating 

mangrove forests (Tiwoho, Indonesia) in parenthesis (Cameron et al. 2018 and Cameron et al. 2019). Units are displayed in Mg CO2e ha
-1

 y
-1

 with acronyms 

listed below. Data and equations used to generate pathways are provided in the Supplementary Information. Note that Re includes the total amount of RDIC, 

including the portion not exchanged with the atmosphere (ExDIC). Net GHGestablished_max for established mangrove forests (Alongi 2014) includes the portion of 

ExDIC that is not exchanged with the atmosphere as well as ANEP, highlighting the importance of potentially extending project boundaries seaward as well as 

accounting for other benthic primary producer communities to maximise creditable ERR. List of acronyms: 

C pathway Abbreviation 

Ecosystem Gross Primary Production, mangroves and mangrove associated algae. GPPeco 

Net Primary Production total  NPPmang 

NPP woody biomass NPPwood 

NPP foliage production and litterfall  NPPlitter 

NPP fine and course root production & turnover  NPProots 

Portion of NPPwood and NPProots retained for growth and development NPPgrowth 

Respiration total  Re 

Autotrophic respiration.  Ra 

Autotrophic respiration canopy and pneumatophores  Rc 

Autotrophic respiration belowground fine roots (exposed and inundated conditions)  Rr 

Heterotrophic respiration, total Rh 

Heterotrophic respiration, leaf litter decomposition    Rlitter 

Heterotrophic respiration, exposed soils Rs 

Heterotrophic respiration, inundated pelagic water ways and tidal creeks RH2O 

Proportion of Aimport respired by heterotrophs Rallo 

Root exudates of excess C subsequently consumed and respired by heterotrophic microbes Rexu 

Respiration of dissolved inorganic carbon by heterotrophs exported into adjacent systems  RDIC 

Dissolved inorganic carbon that is exported and exchanged with the atmosphere ADIC 

Exported particulate organic carbon (leaf litter, flotsam) ExPOC 
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Exported dissolved organic carbon ExDOC 

Exported dissolved inorganic carbon that is not exchanged with the atmosphere  ExDIC 

Soil carbon burial total  Stotal 

Autochthonous burial  Sauto 

Proportion of litterfall that is buried in mangroves soils Slitter 

Proportion of fine root turnover that is buried in mangrove soils Sroot 

Import of allochthonous sediments from adjacent systems (riverine sediments, oceanic sediments etc.) Aimport 

Proportion of Aimport that is buried in mangrove soils.  Sallo 

Net Ecosystem Production, mangroves NEPmang 

Algae net primary production  ANPP 

Algae autotrophic respiration  Ara 

Algae heterotrophic respiration from exposed and inundated mangrove soils Arh 

Proportion of ANPP that is exported as particulate organic matter APOC 

Proportion of algae NPP that is broken down by detritivores and exported as dissolved organic carbon ADOC 

Proportion of ANPP that is buried in mangrove soils Aburial 

Net Ecosystem Production, benthic algae
b
  ANEP 

Net Ecosystem Carbon Balance NECB 

Methane CH4 

Nitrogen dioxide N2O 

GHG reductions from rehabilitating forests GHGrehab 

GHG reductions from established forests GHGestablished 

GHG reductions from rehabilitation including ExDIC that is not exchanged with the atmosphere GHGestablished_max 
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Figure 4: Conceptual diagram of carbon pathways for the export of DIC, DOC and POC from established mangrove waterways into adjacent nearshore 

environments. Values are Mg CO2 ha
-1

 year
-1

 and follow interpolations of average rates for the export of DIC / DOC and POC from Alongi (2014). Acronyms 

are outlined in the Supplementary Information. Carbon pathways are described by Dittmar et al. (2006); Broadhead (2011); and Williams & Follows (2011).   
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Table 1: Mass balance estimates for various mangrove forests and mangrove ecosystems. Negative values for GHGrehab / established indicate net GHG removals 

from the atmosphere. GHGestablished_max includes the portion of RDIC not exchanged with the atmosphere (ExDIC) as well as mangrove - allied algal NEP. 

Data 

source 

Site & 

location 

Geomorp

hic 

position 

Forest 

type 

Dominant 

species 

Max tidal 

range (m) 

GPP NPP Re Ra Rh NEP NECB CH4 & 

N2O 

GHGre

hab / 

establish

ed 

GHGe

stablishe

d_max 

      Mg C ha
-1

 y
-1

 Mg CO2e ha
-1

 y
-1

 

Cameron 

et al. 

(2018) 

and 

Cameron 

et al. 

(2019) 

Rehab 1TW  Coastal 

fringing: 

mid – 

lower 

(landward) 

mangrove

s 

Rehabilitat

ing forest 

C. tagal; 

R. 

apiculata 

1.9 29.5 ± 

2.6 

9.8 ± 

0.9 

22.8 ± 

1.9 

19.7 ± 

1.8 

3.1 ± 

0.2 

6.7 ± 

0.7 

7.1 ± 

0.7 

8 ± 1 -18 ± 

1.7 

 

Rehab 2TW  Coastal 

fringing: 

mid – 

lower 

(landward) 

mangrove

s 

Rehabilitat

ing forest 

C. tagal; 

R. 

apiculata 

1.9 12.4 ± 

1.1 

4.1 ± 

0.4 

11.4 ± 

0.9 

8.3 ± 

0.7 

3.1 ± 

0.2 

1 ± 

0.2 

1.2 ± 

0.2 

3.4 ± 

0.9 

1.1 ± 

0.1 

 

Rehab 3TW  Coastal 

fringing: 

upper 

(seaward) 

mangrove

s 

Rehabilitat

ing forest 

R. 

apiculata; 

S. alba 

1.9 24.1 ± 

3 

8 ± 1 19.2 ± 

2.1 

16.1 ± 

2 

3.1 ± 

0.2 

4.9 ± 

0.8 

5.2 ± 

0.9 

6.6 ± 

2 

-12.6 

± 1.2 

 

Average 

Tiwoho 

rehab 

sites 

Coastal 

fringing 

Rehabilitat

ing forests  

C. tagal; 

R. 

apiculata; 

S. alba 

1.9 22 ± 

2.2 

7.3 ± 

0.7 

17.8 ± 

1.7 

14.7 ± 

1.5 

3.1 ± 

0.2 

4.2 ± 

0.6 

4.5 ± 

0.6 

6 ± 

1.3 

-10.6 

± 0.9 
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 Tanakeke 

rehab 

sites 

Oceanic 

coral atoll: 

over-wash 

mangrove

s, coastal 

fringing 

Rehabilitat

ing forests 

Rhizophor

a spp.  

1.2 1.2 ± 

0.4 

0.4 ± 

0.1 

0.9 ± 

0.3 

0.8 ± 

0.3 

0.1 ± 

0 

0.3 ± 

0.1 

0.3 ± 

0.1 

0.5 ± 

0.1 

0.7 ± 

0.3 

 

Chen et 

al.  2016 

Jiulong 

River 

Estuary, 

China 

Estuarine, 

mid –low 

to high 

intertidal 

Establishe

d forests 

(average)  

K. obovata  2.7 (upper 

estuary) - 

4 (lower 

estuary) 

 16.2 ± 

5.1 

  2.6 ± 

4.7 

*13.6 

± 0.5 

 2.9 -47.1  

Barr et al. 

2010
a
 

Shark 

River, 

Everglade

s, Florida  

Riverine Establishe

d forest 

R. 

mangle; A. 

germinans

; L. 

racemosa 

1.6  16.2 ± 

4.1 

  3.6 ± 

1.8 

*12.6 

± 2.3 

    

Poungpar

n et al 

(2012)
b
 

Trat River, 

Eastern 

Thailand 

Estuarine 

(avg. all 

forest 

types) 

Establishe

d forest 

R. 

apiculata, 

A. marina, 

A. alba, B. 

gymnorrhi

za, X. 

granatum 

3  11.4   2.2 *9.3     

Alongi 

2009 

(original 

references 

therein)
c
 

Rookery 

Bay, 

Florida, 

USA 

Estuarine Establishe

d forest  

R. stylosa, 

A. 

germinans 

0.5 33.2 11 30.3 22.2 8.1 *2.9     

Matang, 

Malaysia 

Estuarine Managed 

plantation 

forest  

R. 

apiculata 

2 49.9 14.7 37.4 35.2 2.2 *12.5     

Sawi Bay, 

Thailand 

Estuarine Planted 

forest  

R. 

apiculata, 

C.  

decandra 

1.3 54.1 18.4 40.6 35.7 4.9 *13.5     

Hinchinbro

ok 

Channel, 

Australia 

Estuarine Establishe

d forest  

R. stylosa, 

R. 

apiculata, 

C. tagal 

2.4 44.5 21.6 24.9 22.9 2.1 *19.5     
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Missionary 

Bay, 

Australia 

Coastal 

fringing 

Establishe

d forest  

R. stylosa, 

R. 

apiculata 

2.3 35.3 16.3 23.1 19 4.1 *12.2     

Darwin 

Harbour, 

Australia 

Estuarine Establishe

d forest  

R. 

apiculata, 

S. alba, C. 

tagal 

7.9 58.9 34.6 29.2 24.3 4.9 *29.7     

Alongi 

2014
d
 

Global N / A Establishe

d forest 

N / A N /A 46 15.2 41.8 30.8 11 4.2 6.2 1.9 -20.9 -37.2 

Bouillon et 

al 2008
e
 

Global  N / A Establishe

d forest 

N / A N / A  13.6 ± 

4.5 

  9.7 ± 

7.2 

3.9 ± 

2.7 

    

Notes: 

* Indicates studies that did not account for the export of RDIC in Re, Rh, NEP and NECB calculations.  

a 
Unusually high NEP attributed to relatively low respiration rates which are more similar to forests growing in temperate zones than tropical ones (Barr et al. 

2010). Note also this study did not account for atmospheric exchange of CO2 from net tidal advection of POC, DOC and DIC from the forest into adjacent 

estuarine waterways as this occurred away from intertidal zones and outside the Eddy Covariance footprint, which would likely have lowered NEP estimates. 

b
 Assumed all soil CO2 efflux observed was derived from Rh with no contribution from Rr sources.  

c
 GPP and Re values include productivity from mangroves only (not inclusive of associated benthic algae as originally reported). Re includes carbon loss and 

export from river and oceanic inflow, aquaculture wastes, sewerage, and seagrass production (Alongi 2009).  

d
 NECB includes the estimated contribution of ANEP and allochthonous carbon burial.  

e 
NEP calculated as sum of soil carbon burial, POC and DOC export. Tg C y

-1 
converted to Mg C ha

-1
 y

-1 
based on global area of mangroves of 160, 000 km

2
 

(Bouillon et al. 2008). Rh is composed of 2.6 ± 1.9 Mg C ha
-1

 y
-1 

exposed and inundated soils, 7 ± 5.3 Mg C ha
-1

 y
-1 

RDIC. 
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Graphical abstract. Conceptual diagram of the net greenhouse gas emissions mitigation benefits 

from established and rehabilitating mangroves (GHGestablished / rehab). Additional abbreviations: Net 

Primary Production of mangroves (NPPmang); NPP woody biomass (NPPwood); NPP foliage production 

and litterfall (NPPlitter); NPP fine and course root production & turnover (NPProots); Heterotrophic 

respiration (Rh); Proportion of imported allochthonous sediment that is buried in mangrove soils (Sallo); 

Net Ecosystem Production (NEP); Methane (CH4); Nitrogen dioxide (N2O); Net Ecosystem Carbon 

Balance (NECB); Algae NEP (ANEP).   
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